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TUNABLE STRUCTURE UTILIZING A COMPLIANT SUBSTRATE 



Reld of the Invention 

This invention relates generally to tunable structures and devices and to a method for 
their fabrication, and more specifically to an improved tunable structure and to a method for 
monolithically integrating the tunable structure with silicon devices and circuits. 

Background of the Invention 

The dielectric constant of tunable structures can be varied (i.e., tuned) by an ^plied dc 
(direct current; '*bias") electric field. As the material*s dielectric constant changes, so does flie 
material's electrical length. Ibis phenomenon has led to using tunable structures as a variable 
element in tunable microwave devices, such as phase shifters, tunable filters, phase array 
antennas, and delay lines. 

Barium strontium titanate (BSTO) has been known to be used fox its higji dielectric 
constant (^jproximately ranging fix)m 200 to 6,000) in various electronic applications. For 
example, BSTO has received a great deal of attention as a suitable dielectric material for 
DRAMs (dynamic random access memories), bypass c^acitors, IR detectors, and tunable 
microwave device applications. Iq general, BSTO exhibits a high dielectric constant, low 
dielectric loss, good thermal stability, and good high frequency characteristics. The nonlinearity 
of its dielectric properties with respect to ^lied dc voltage makes BSTO especially attractive 
for tunable microwave devices such as filters, varactors, delay lines, and phase shifters. Thin 
films of BSTO offer liie additional advantages of li^tweight, compactness, low processing 
temperatures, low operating voltages, and compatibility with semiconductor processing 
technology. 

Various attempts have been proposed to combine (dope) BSTO with various other 
materials and/or compound to fiirtiier improve its use for electrical qiplications. For exan^le, 
bulk composites of BSTO and magnesium oxide (MgO) have been reported to improve the 
dielectric tunability characteristics and reduce the dielectric loss as compared to pure BSTO. 
For specific examples reporting the structural and electrical properties of doped BSTO, refer to 
Ae following patents and publications: U.S. Patent No. 5,427,988 issued to Sengupta et al. on 
June 27, 1995 (BSTO-MgO composite); U.S. Patent No. 5,635,433 issued to Sengupta on June 
3, 1997 (BSTO-2hO conq)osite); Joshi et al., 'Mg-Doped BacfiSro ^HOj Thin Hhns For Tunable 
Microwave Applications,** Applied Physics Letters, vol 77 num 2, pp. 289-291 (10 July 2000); 
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Carlson et al., ''Large Dielectric Constant (e/eo >6000) Bao.4Sro.6Ti03 Thin Hlms For High- 
PerformaEce Microwave Hiase Shifters," Applied Physics Letters^ vol 76 num 14, pp. 1920-1922 
(3 April 2000) (BST/MgO and BST/LAO (LaAlOa). 

Semiconductor devices often include multiple layers of conductive, insulating, and 
5 semiconductive layers. Often, the desirable properties of such layers improve with the 

crystallinity of the layer. For exanqple, the electron mobility and band gap of semiconductive 
layers inqproves as the crystallinity of tbe layer increases. Similarly, the ftee electron 
concentration of conductive layers and the electron charge displacement and electron energy 
recoverability of insulative or dielectric films improves as the crystallinity of these layers 
10 increases. 

For many years, attempts have been made to grow various monolidiic thin films on a 
foreign substrate such as silicon (Si). To achieve optimal characteristics of the various 
monolithic layers, however, a monocrystalline film of high crystalline quality is desired. 
Attempts have been made, for example, to grow various monocrystalline layers on a substrate 

15 such as germanium, silicon, and various insulators. These attenoqpts have generaUy been 

unsuccessful because lattice mismatches between die host crystal and the grown crystal have 
caused the resulting layer of monocrystalline material to be of low crystalline quality. 

If a large area thin film of high quality monocrystalline naaterial was available at low 
cost, a variety of semiconductor devices could advantageously be fabricated in or using that film 

20 at a low cost compared to the cost of fabricating such devices beginning with a bulk wafer of 

semiconductor material or in an epitaxial film of such material on a bulk wafer of semiconductor 
material. In addition, if a thin film of high quality monocrystalline material could be realized 
beginning widi abulk wafer such as a silicon wafer, an integrated device structure, such as an 
integrated tunable ^ructure or an integrated phase shifter, could be achieved that took advantage 

25 of the best properties of both the silicon, the high quality monocrystalline layer, such as BSTO, 
and the hig^ quality monocrystalline semiconductor layer, such as gallium arseinde. 

Accordingly, a need exists for a tunable structure having a hi^ quality monocrystalline 
film or layer having a changeable dielectric constant over another monocrystalline material 
suitable for a variety of electrical devices,, and for a process for making such a structure. In other 

30 words, there is a need for providing die formation of a monocrystalline substrate fliat is 
compliant with a higji quality monocrystalline material layer so diat true two-dim^isional 
growth can be achieved for die formation of quality tunable stractures, and semiconductor 
devices, which are monoliddcally integrated with alicon-based circuitry. 



35 
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Brief Description of the Drawings 
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The present invention is illustrated by way of example and not limitation in the 
accompanying figures, in which like references indicate similar elements, and in which: 

FIGS. 1 and 2 illustrate schematically, in cross section, device structures in accordance 
with various ©aibodiments of the invention; 

HG. 3 illustrates graphically the relationship between roaximxun attainable film 
diickness and lattice mismatch between a host crystal and a grown crystalline overlayer; 

HG, 4 illustrates a high resolution Transmission Electron Micrograph of a structure 
including a monocrystalline accommodating buffer layer; 

HG. 5 illustrates an x-ray difGraction spectrum of a structure including a monocrystalline 
acconamodating buffer layer, 

HGS. 6A-6D illustrate schematically, in cross-section, the formation of a device 
structure in accordance with another embodiment of the invention; 

HGS. 7A-7D illustrate a probable molecular bonding structure of the device structures 
illustrated in HGS. 6A-6D; 

HGS- 8-10 illustrate schematically, in cross-section, the formation of yet another 
embodiment of a device structure in accordance witfi die invention; 

HG. 11 illustrates schematically, in cross-section, a tunable structure in accordance with 
one embodiment of the invention; and 

HG. 12 illustrates schematically, a phased array anterma system in accordance with 
embodiment of die invention. 

« 

Skilled artisans will appreciate that elements in the figures are illustrated for sinq)licity 
and clari^ and have not necessarily been drawn to scale. For exanople, die dimensions of some 
of the elements in Ae figures may be exaggerated relative to other elements to help to improve 
understanding of embodiments of the present inventioiL 

Detailed Description of flie Drawings 

HG. 1 illustrates schematically, in cross section, a p<Mtion of a tunable structure 20 in 
accordance with m embodiment of Ae invention. Structure 20 includes a monocrystalline 
substrate 22, an accommodating buffer layer 24 comprising a monocrystalline material, and a 
monocrystaMiD© sermconductor layer 26. In ttris context, die term "monocrystalline" shall have 
the meaning connnonlyiisedwiflnn die senaiconductorindu^. The term shaD refer to 
materials tfiat are a single crystal or that are substantially a single crystal and shall include those 
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matedals having a relatively smaD niunber of defects such as dislocations and the like as are 
commonly found in substrates of silicon or gennanium or mixtures of silicon and germanium 
and epitaxial layers of such materials commonly foimd in the semiconductor industry, 

In accordance widi one embodiment of the invention, structure 20 also includes an 
amorphous intemiediate layer 28 positioned between substrate 22 and acconunodatmg buffer 
layer 24. Structure 20 may also include a ten5)late layer 30 between the acconmnodating buffer 
layer and monocrystalline semiconductor layer 26. As will be explained more fully below, the 
tenq>late layer helps to initiate the growth of the monocrystalline semiconductor layer on the 
acconomodating buffer layer. The amorphous intermediate layer helps to relieve the strain in the 
acconunodating buffer layer and by doing so, aids in the growth of a high crystalline quality 
accommodating buJffer layer. 

Substrate 22, in accordance with an embodiment of the invention, is a monocrystalline 
semiconductor or compound semiconductor wafer, preferably of large diameter. The wafer may 
be, for exanople, a material from Group IV of the periodic table, and preferably a material from 
Group IVB. Examples of Group IV semiconductor materials include silicon, germanium, mixed 
silicon and germanimn, mixed siUcon and carbon, mixed silicon, germaniiiTn and carbon, and the 
like. Pteferably substrate 22 is a wafer containing silicon or germanimn, and most preferably is 
a higji quaUty monoc^stalline silicon wafer as used in the semiconductor industry. 

The material of acconmaodating buffer layer 24 is preferably selected for its crystalline 
compatibility with the underlying substrate and with the overlying semiconductor material. 
Additionally, buffer layer 24 is preferably selected for its tunable properties. Moreover, buffer 
layer 24 is preferably a monocrystalline oxide or nitride having the characteristics described 
herein and may include such materials as alkaline earth metal titanates, alkaline earth metal 
zirconates, alkaline earth metal hafiiates, alkaline earth metal tantalates, alkaline earth metal 
ruthenates, alkaline earth metal niobates, alkaline earth metal vanadates, perovskite oxides such 
as alkaline earth metal tin-based pm)vskites, lanthanum aluminate, landianmn scandium oxide, 
and gadolinium oxide. Generally, ttiese materials are metal oxicks or metal nitrides, and more 
particulariy, these metal oxide or nitrides typically include at least two dijBferent metallic 
elements. In some specific plications, die metal oxides or nitrides may include three or more 
different metallic elements. Moreover, depending upon the particular application, layer 24 may 
be a composite of two or more compounds. 

The material for monocrystalline semiconductor layer 26 can be selected, as desired, for 
a particular structure or ^^plication, and more particulariy, is selected to accommodate one or 
more electrical devices. For exanq>Ie, Ae monocrystalline material of layer 26 may comprise a 
compound semiconductQr which can be selected, as nee^d for a particular semiconductor 
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structure, from any of the Group niA and VA elements (III-V semiconductor conqwunds), 
mixed III-V compounds. Group n(A or B) and VIA elements (H-VI semiconductor compounds), 
and mixed II-VI conrpounds. Examples include gallium arsenide (GaAs), gallium indium 
arsenide (GalnAs), gallium aluminum arsenide (GaAlAs), indium phosphide (tnP), cadmium 
5 sulfide (CdS), cadmium mercury telluride (CdHgTe), zinc selenide (ZnSe), zinc sulfur selenide 
(SiSSe), and the like. However, monocrystalline semiconductor layer 26 may also comprise 
other semiconductor materials, metals, or non-metal materials which are used in the formation of 
semiconductor stractures, devices and/or integrated circuits. 

In accordance with one embodiment of the invention, amorphous intermediate layer 28 is 

10 grown on substrate 22 at the interface between substrate 22 and the growing accommodating 
buffer layer. Amorphous intermediate layer 28 is preferably an oxide formed by the oxidation of 
the surface of substrate 22, and more preferably is composed of a silicon oxide. The thickness of 
layer 28 is sufficient to relieve strain attributed to mismatches between the lattice constants of 
substrate 22 and buffer layer 24 (typically in the range of approximately 0.5-5.0 nm). As used 

15 herein, lattice constant refers to die distance between atoms of a cell measured in the plane of 
the surface, ff such strain is not relieved by the amorphous intermediate layer, the strain may 
cause defects in the crystalline structure of the acconomodadng buffer layer. Defects in the 
crystalline structure of the acconomodating buffer layer, in turn, would make it difficult to 
achieve a high quality crystalline structure in monocrystalline semiconductor layer 26 which 

20 may comprise a semiconductor material, a compound semiconductor material, or another type of 
material such as a metal or a non-metal. 

Appropriate materials for template 30 are discussed below. Suitable template materials 
chemically bond to the surface of ttie accommodating buffer layer 24 at selected sites and 
provide sites for the nucleation of the epitaxial growth of monocrystalline semiconductor layer 

25 26. When used, template layer 30 has a thickness ranging from about 1 to about 10 monolayers. 
HG. 2 IQustrates, in cross section, a portion of a semiconductor structure 40 m 
accordance with a fruther embodiment of die invention. Structure 40 is similar to the previously 
described semiconductor structure 20, except that an additional buffer layer 32 is positioned 
between accommodating buffer layer 24 and monocrystaHuK semiconductor layer 26. 

30 Specifically, die additional buffer layer is positioned between template layer 30 and overlying 
semiconductor layer 26. The additional buffer layer, preferably formed of a semiconductor or 
conqpound semiconductor material when the monocrystalline semiconductor layer 26 comprises 
a semiconductor or can[q)ound semiconductor material, serves to provide a lattice compensation 
when die lattice constant of die accommodating buffer layer cannot be adequately matched to 

35 the overlying monocrystalline semiconductor or compound semiconductor material layer. 
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Substrate 22 is a monocrystaUiBe substrate such as a moBOciystalline silicon or gallium 
arsenide substrate. The crystalline structure of the monocrystalline substrate is characterized by 
a lattice constant and by a lattice orientation. In a similar manner, accommodating bulBfer layer 
24 is also a monocrystalline material and the lattice of that monocrystalline material is 
characterized by a lattice constant and a crystal orientation. The lattice constants of the 
accommodating buffer layer and the monocrystalline substrate must be closely matched or, 
alternatively, must be such that upon rotation of one crystal orientation with respect to the other 
crystal orientation, a substantial match in lattice constants is achieved. In this context die terms 
"substantially equal" and "substantially matched" mean tfiat tiiere is sufficient similarity between 
the lattice constants to permit the growth of a high quality crystalline layer on the underlying 
layer. 

HG. 3 illustrates graphically the relationship of the achievable thickness of a grown 
crystal layer of high crystallme quality as a function of the mismatch between tire lattice 
constants of the host crystal and the grown crystal. Curve 42 illustrates the boundary of high 
crystalline quality material. The area to the right of curve 42 represents layers ttiat have a large 
number of defects. With no lattice mismatch, it is theoretically possible to grow an infinitely 
thick, high quality epitaxial lay&c on the host crystal. As the mismatch in lattice constants 
increases, the thickness of achievable, higjr quality crystalline layer decreases r^idly. As a 
reference point, for example, if the lattice constants between the host crystal and die grown layer 
are mismatched by more than about 2%, monocrystalline epitaxial layers in excess of about 20 
mm caimot be achieved. 

In accordance with one embodiment of the invention, substrate 22 is a (100) or (1 1 1) 
oriented monocrystalline silicon wafer and accommodating buffer layer 24 is a layer of BSTO. 
Substantial matching of lattice constants between these two materials is achieved by rotating the 
crystal orientation of the titanate material by 45° with respect to the crystal orientation of the 
silicon substrate wafer. The inclusion in the structure of amorphous interface layer 28, a silicon 
oxide layer in this exaxiq)le, if it is of sufficient thickness, serves to reduce strain in the titanate 
monocrystalline layer that migjit result firom any mismatch in die lattice constants of the host 
silicon wafer and the grown titanate layer. As a result, in accordance wifli an embodiment of the 
invention, a high quality, thick, monocrystalline BSTO layer is achievable. For among other 
reasons, this is advantageous because die characteristics of B STO layer as a phase shifter are 
affected by die crystallinity of die layer. In general, as die crystallinity of die BSTO is inproved, 
tunability increases. 

Layer 26 is a layer of epitaxially grown monocrystalline material and that crystalline 
material is also characterized by a crystal lattice constant and a crystal orientation. In 
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accordance with one embodim^t of the invendon, the lattice constant of layer 26 differs finom 
die lattice constant of substrate 22. To achieve high crystalline quality in this epitaxially grown 
monocrystalline layer, the accommodating buffer layer must be of high crystalline quality. In 
addition, in order to achieve high crystalline quality in layer 26, substantial matching between 
5 the crystal lattice constant of the host crystal, in this case, the monocrystalline acconunodating 
buffer layer, and the grown crystal is desired, ^th properly selected materials this substantial 
matching of lattice constants is achieved as a result of rotation of die crystal orientation of the 
grown crystal with lespect to the orientation of the host crystal. For example, if the grown 
crystal is gallium arsenide, aluminum gallium arsenide, zinc selenide, or zinc sulfur selenide and 

10 die accommodating buffer layer is monocrystalline SrzBai-zTiOa, substantial matching of crystal 
lattice constants of the two materials is achieved, wherein the crystal orientation of the grown 
layer is rotated by 45** with respect to the orientation of the host monocrystalline oxide. 
Similariy , if the host material is a strontium or barium 2irconate or a strontium or barium hafoate 
or barium tin oxide and the compound semiconductor layer is indium phosphide or gaDium 

15 indium arsenide or aluminum indium arsenide, substantial matching of crystal lattice constants 
can be achieved by rotating the orientation of the grown crystal layer by 45** with respect to the 
host oxide crystal* In some instances, a crystalline semiconductor buffer layer between the host 
. oxide and die grown monocrystalline material layer can be used to reduce strain in the grown 
monocrystalline material layer that might result from small differences in lattice constants. 

20 Better crystalline quality in die grown monocrystalline material layer can thereby be achieved. 

HG. 4 is a hig^ resolution Transmission Electron Micrograph (TEM) of semiconductor 
material manufactured in accordance with one embodiment of the present invention. Single 
crystal SrHOa accommodating buffi^ layer 24 was grown epitaxially on silicon substrate 22. 
During this growth process, amar[dtou5 interfacial layer 28 is formed which relieves strain due to 

25 lattice mismatch. GaAs compound semicondactor layer 26 was then grown epitaxially using 
teiqplate layer 30. 

HG. 5 illustrates an x-ray diffiraction spectrum taken on a structure includmg GaAs 
monocrystalline layer 26 comprising GaAs grown on silicon substrate 22 using accommodating 
buffer layer 24. The peaks in the spectrum indicate that both the accommodating buffer layer 24 
30 and GaAs compound seaniconductor layer 26 are single crystal and (100) orientated. 

The structure illustrated in HG. 2 can be formed by the process discussed above with the 
addition of an additional buffer layer dq>osition step. The buffer layer is formed overlying the 
tsmplatG layer before the deposition of the monocrystalline material layer. If the buffer layer is a 
monocry^alline material conqirising a compound semiconductor superlattice, such a si^rlattice 
35 can be deposited, by MBE for exainple, on the teinplate ctescribed above, ff instead the buffer 
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layer is a monocrystaUine material layer conprising a layer of germaniiim, the process above is 
modified to cq) the strontiimi titanate monocrystalline layer with a final layer of either strontimn 
or titanium and then by depositing getmamum to react with the strontium or titanium. The 
germanium buffer layer can then be deposited directly on this template. 

The following non-limiting, illustrative examples illustrate various combinations of 
materials useful in structures 20 and 40 in accordance with various alternative embodiments 
of the invention. These examples are merely illustrative, and it is not intended that flie 
invention be limited to these illustrative examples. 

Example 1 

In accordance with one embodiment of the invention, monocrystalline substrate 22 is 
a silicon substrate oriented in the (100) direction. The silicon substrate can be, for example, 
a silicon substrate as is coromonly used in making complementary metal oxide 
semiconductor (CMOS) integrated circuits having a diameter of about 200-300 ram. 

In accordance wifli this embodiment of the invention, accommodating buffer layer 24 is a 
monocrystalline layer of SrzBal-zHOS where z ranges from 0 to 1. The value of z is selected to 
obtain one or more lattice constants closely matched to corresponding lattice constants of the 
subsequenfly formed semiconductor layer 26. The accommodating buffer layer can have a 
thickness of about 2 to about 1000 nanometers (imi) and preferably has a thickness of about 100 
nm. In general, it is desired to have an accommodating buffer layer thick enough to isolate the 
semiconductor layer from the substrate to obtam the desired electrical and optical properties. 

In accordance with this embodiment of die invention, amorphous intermediate layer 28 is 
a layer of silicon oxide (SiOx) formed at the interface between the ^con substrate and die 
accommodating buffer layer. Layer 28 can have a thickness of about 0.5-5 nm, and preferably a 
tiiickness of about 1 to 2 nm. 

In accordance with tins embodiment of the invention, monocrystalline layer 26 is a 
compound semiconductor layer of gallium arsenide (GaAs) or aluminum gallium arsenide 
(AlGaAs) having a tfiickness of about 1 nm to about 100 micrometers (pm) and preferably a 
thickness of about 0.5 fim to 10 \m. The thickness generally depends on flie plication for 
which the layer is being prepared. 

To facilitate the epitaxial growth of the gallium arsenide or aluminum gallium arsenide 
on tfie monocrystalline oxide, a template layer is formed by capping the oxide layer. The 
template layer is preferably 1-10 monolayers of li-As, Sr-OAs, Sr-Ga-0, or Sr-Al-O. By way 
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of a preferred exanqple, 1-2 monolayers of Ti-As or Sr-Ga-O have been shown to successfully 
grow GaAs layers. 

Example 2 

5 This embodiment of the invention is an example of structure 40 illustrated in FIG. 2. 

Substrate 22, accommodating buffer layer 24, and monocrystalline semiconductor layer 26 can 
be similar to diose described in example 1. 

In addition, an additional buffer layer 32 serves to alleviate any strains that might result 
from a mismatch of the crystal lattice of the accommodating buffer layer and the lattice of die 

10 monocrystalline semiconductor material- Buffer layer 32 can be a layer of germanium or GaAs, 
an aluminimi gallium arsenide (AlGaAs), an indium gallium phosphide (InGaP), an aluminum 
gallium phosphide (AlGaP), an indium gallium arsenide (IhGaAs), an aluminum indium 
phosphide (AllnP), a gallium arsenide phosphide (GaAsP), or an indium gallimn phosphide 
(IhGaP) strain compensated superlatdce. In accordance with one aspect of this embodiment, 

15 buffer layer 32 includes a GaAsxPi-x superlattice, wherein the value of x ranges from 0 to 1 . 

hi accordance wifli another aspect, buffer layer 32 includes an lOyGai^yP superlatdce, 
wherein die value of y ranges from 0 to 1. By varying die value of x or y, as the case may be, the 
lattice constant is varied from bottom to top across the superlattice to create a match between 
lattice constants of the underlying oxide and the overlying monocrystalline material which in 

20 this example is a compound semiconductor material. The compositions of other compoimd 

semiconductor materials, such as those listed above, may also be similarly varied to manipulate 
the lattice constant of layer 32 in a like mann^. Hie superlattice can have a thickness of about 
50-500 nm and preferably has a fliickness of about 100-200 nm. 

Alternatively, buffer layer 32 can be a layer of monocrystalline germanium having a 

25 thickness of 1-50 nm and preferably having a dnckness of about 2-20 nm. In using a germanium 
buffer layer, a template layer of either germanium-strontium (Ge-Sr) or germanium-titanium 
(Ge-Ti) having a thickness of about one monolayer can be used as a nucleating ^te for the 
subsequent growtii of die monocrystalHxie material layer which in this example is a compound 
semiconductor material. The formation of the oxide layer is capped with either a monolayer of 

30 strontium or a monolayer of titanium to act as a nucleating site for the subsequent deposition of 
the monocrystalline germanium. The monolayer of strontium or titanium provides a nucleating 
site to which the first monolayer of germanium can bond. 

The template for this structure can be die same of that described in Example 1. 



35 
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Exaiiq)le3 

Tins example also illustrates materials useful in a structure 40 as illustrated in HG. 2. 
Substrate material 22, accommodating buffer layer 24, monocrystalline material layer 26 and 
5 template layer 30. 

In addition, additional buffer layer 32 is inserted between the accommodating buffer 
layer and flie overlying monocrystalline material layer. Buffer layer 32, a fitrflier 
monocrystalline material which in this instance comprises a semiconductor material can be, for 
example, a graded layer of indium gallium arsenide (IhGaAs) or indium aluminum arsenide 
10 (InAlAs). In accordance with one Bspect of this embodiment, additional buffer layer 32 includes 
InGaAs, in which the indium conrposition varies from 0 to about 50%. The buffer layer 
preferably has a fliickness of about 10-30 nm. Varying the composition of the buffer layer from 
GaAs to InGaAs serves to provide a lattice match between the underlying monocrystalline oxide 
material and the overlying layer of monocrystalline material which in this example is a 
1 5 compound semiconductor material. Such a buffer layer is especially advantageous if there is a 
lattice mismatch between accommodating buffer layer 24 and monocrystalline material layer 26. 

The following example illustrates a jnrocess, in accordance with one embodiment of the 
invention, for fabricating a tunable structure such as the structures depicted in FIGS. 1 and 2. 

20 The process starts by providing a monocrystalline semiconductor substrate comprising silicon or 
germanium. In accordance with a preferred embodiment of the invention, the semiconductor 
substrate is a silicon wafer having a (100) orientation. The substrate is preferably oriented on 
axis or, at most, about 4^ off axis. At least a portion of the semiconductor substrate has a bare 
surface, although other portions of tfie substrate, as described below, may encompass otiier 

25 structures. The tennT>are" in this context means that the surface in the portion of the su^^ 
has been cleaned to remove any oxides, contansinants, or other foreign material. As is well 
known, bare silicon is highly reactive and readily fornis a iiative oxide. The term Ijare" is 
intended to encontipass such a native oxide. A thin silicon oxide nGiay also be intentionally grown 
on the semiconductor substrate, although such a grown oxide is not essential to the process in 

30 accordance with the invention. In order to epitaxiaHy grow a monocrystallme oxide layer 

overlying tfie monocrystalline substrate, flie native oxide layer must first be removed to expose 
the crystalline structure of the underlying substrate. The following process is preferably carried 
out by molecular beam epitaxy although othar epitaxial processes may also be used in 

accordance with die present invention. The native oxide can be removed by fibrst thennaDy 

35 depositing a thin layer of strontium, barium, a conabination of strontium and barium, or other 
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alkaU eardi metals or combinalions of alkali earth metals m In the case 

where strontium is used, the substrate is then heated to a temperature of about 850° C to cause 
tiie strontium to react with the native silicon oxide layer. Ihe strontium serves to reduce die 
silicon oxide to leave a silicon oxide-fiee surface. The resultant surface, which exhibits an 
5 ordered 2x1 structure, includes strontium, oxygen, and silicon. Hie ordered 2x1 structure forms 
a template for die ordered growth of an overlying layer of a monocrystalline oxide. The 
teiiq)late provides tihe necessary chemical and physical properties to nucleate die crystalline 
growdi of an overlying layer. 

Id accordance with an alternate embodiment of the invention, the native silicon oxide 

10 can be converted and the substrate surface can be prepared for the growth of a monocrystalline 
oxide layer by depositing an alkali earth metal oxide, such as strontium oxide, strontium barium 
oxide, or barium oxide, onto the substrate surface by MBE at a low temperature and by 
subsequenfly heating the structure to a temperature of about 850°C. At this temperature a solid 
state reaction takes place between the strontium oxide and the native silicon oxide causing the 

15 reduction of the native silicon oxide and leavmg an ordered 2x1 structure with strontium, 
oxygen, and silicon remaining on die substrate surface. Again, this fomas a template for die 
subsequent growth of an ordered monocrystalline oxide layer. 

Following the removal of the silicon oxide from die surface of the substrate, in 
accordance with one embodiment of the invention, the substrate is cooled to a temperature in the 

20 range of about 200-800**C and a layer of strontium titanate is grown on the template layer by 
molecular beam epitaxy. The MBE process is initiated by opening shutters in flie MBE 
apparatus to expose strontium, titanium and oxygen sources. The ratio of strontium and titanium 
is approximately 1:1. The partial pressure of oxygen is initially set at a minimum value to grow 
stochiometric ^rontium titanate at a growth rate of about 0.3-0.5 nm per minute. After initiating 

25 growth of the strontium titanate, die partial pressure of oxygen is increased above die initial 
minimum value. The overpressure of oxygen causes the growth of an amorphous silicon oxide 
layer at the interlace between the imderlying substrate and the growing strontium titanate layer. 
The growdi of the silicon oxide layer results from the diffusion of oxygen dirough the growing 
strontium titanate layer to the interface where the oxygen reacts with silicon at the surface of the 

30 underiiying substrate. The strontium titanate grows as an ordered monocrystal widi the 

crystalline orientation rotated by 45"* with respect to the ordered 2x1 crystalline structure of the 
underlying substrate. Strain that otherwise mig^t exist in the strontium titanate layer because of 
the small mismatch in lattice constant between the silicon substrate and die growing crystal is 
relieved in die amorphous sQicon oxide intermediate layer. 
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After the strontium titanate layer has been grown to the desired thickness, the 
monociystalline strontiiun titanate is capped by a ten^late layer that is condacive to die 
subsequent growth of an epitaxial layer of a desired monocrystalline material. For example, for 
die subsequent growdi of a monocrystalline conq)ound semiconductor material layer of gallium 
5 arsenide, the MBE growth of the strontium titanate monocrystalline layer can be cq)ped by 
terminating the growth with 1-2 monolayers of titanium, 1-2 monolayers of titanium-oxygen or 
with 1-2 monolayers of strontium-oxygen. Following the formation of this c^ing layer, 
arsenic is deposited to form a Ti-As bond, a Ti-O-As bond or a Sr-O-As. Any of tiiese form an 
q>propriate template for deposition and formation of a gallium arsenide monocrystalline layer. 
10 Following the formation of the template, gallium is subsequently introduced to the reaction with 
the arsenic and gallium arsenide fomis. Alternatively, gallium can be deposited on the capping 
layer to form a Sr-OGabond, and arsenic is subsequentiy introduced with the gaUiima to form 
theGaAs. 

The process described above illustrates a process for forming a semiconductor structure 
15 including a silicon substrate, an overlying oxide layer, and a monocrystalline material layer 

comprising a gallium arsenide compound semiconductor layer by die process of molecular beam 
epitaxy. The process can also be carried out by the process of chemical vapor deposition (CVD), 
metal organic chemical vapor deposition (MOCVD), migration enhanced epitaxy (MEE), atomic 
layer ^itaxy (AI£), physical vapor deposition (PVD), chemical solution deposition (CSD), 
20 pulsed laser deposition (PLD), or Ihe like. Further, by a similar process, other monocrystalline 
accommodating buffer layers such as alkaline earth metal titanates, zirconates, hafiiates, 
tantalates, vanadates, ruthenates, and niobates, peroskite oxides such as alkaline earth metal tin- 
based perovskites, lanthanum aluminate, lanthanum scandium oxide, and gadolinium oxide can 
also be grown. Furdier, by a similar process such as MBE, odierinonocrystalli^ 
25 comprismg oth^ ni-V and II-VI monocry stallme compound semiconductors, semiconductors, 
metals and non-metals can be deposited overlying the monocrystalline oxide accommodating 
buffer layer. 

E^h of the variations of monocry^alline material lay^ and monocrystalline oxide 
accommodatmg buffer layer uses an appropriate template for initiating the growth of the 

30 monocrystalline material layer. For example, if the accommodating buffer layer is an alkaline 
earth metal zirconate, the oxide can be capped by a thin layer of zirconium. The deposition of 
zirconium can be followed by die deposition of arsenic or phosphorus to react with the 
zirconium as a precursor to depositing indium gallium arsenide, indimn aiumininn arsenide, or 
indium phosphide respectively. Similarly, if the monocrystaUine oxide accommodating buffer 

35 layer is an alkaline earth metal ha&ate, die oxide lay^ can be capped by a diin layer of hafnium. 
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Hie deposition of hafhtnTn is followed by the deposition of arsenic or phosphorous to react with 
the hafiuum as a precursor to the growtii of an indium gallium arsenide, indium aluminum 
arsenide, or indium phosphide layer, respectively. la a similar manner, strontium titanate can be 
capped witii a layer of strontium or strontium and oxygen and barium titanate can be capped 
5 with a layer of barium or barium and oxygen. Each of these depositions can be followed by the 
deposition of arsenic or phosphorus to react with the coping material to form a template for die 
deposition of a monocrystalline matmal layer conqnising compound semiconductors such as 
indium gallium arsenide, indium aluminum arsenide, or indimn phosphide. 

HGS. 6A-6D illustrate schematically, in cross section, the formation of a tunable 

10 structure 50 in accordance with another embodiment of the invention. like the previously 

described embodiments referred to in HGS. 1 and 2, this embodiment of the invention involves 
the process of forming a compliant ^bstrate utilizing the epitaxial growth of single crystal 
oxides, such as the formation of accommodating buffer layer 24 previously described witii 
reference to FIGS. 1 and 2 and tfie formation of a template layer 30. However, the embodiment 

IS illustrated in HGS. 6A-6D utilizes a template that includes a surfactant to facilitate layer-by- 
layer monocrystalline material growth. 

Turning now to HG. 6A, an amorphous intermediate layer 58 is grown on substrate 52 at 
the interface between substrate 52 and a growing accommodating buffer layer 54, which is 
preferably a monocrystalline crystal oxide layer, by the oxidation of substrate 52 during the 

20 growth of layer 54. Layer 54 is preferably a monocrystalline oxide material such as a 

monocrystalline layer of SxJBau^iO^ where z ranges from 0 to 1. However, layer 54 may also 
com^se any of tiiose compounds previously described with reference layer 24 in HGS. 1-2. 

Layer 54 is grown with a strontium (Sr) terminated surface represented in HG. 6A by 
hatched line 55 which is followed by the addition of a ten^late layer 60 which includes a 

25 surfactant layer 61 and c^iping layer 63 as illustrated in HGS. 6B and 6C. Surfactant layer 61 
may conqnrise, but is not limited to, elements such as Al, In and Ga, but will be dependent upon 
the composition of layer 54 and the overiying layer of monoc^stallioe material for optimal 
results, hi one exenrplary emlxN&nent, aluminum (Al) is used for surfactant layer 61 and 
functions to modify the surface and surface energy of layer 54. Preferably, surfactant layer 61 is 

30 epitaxially grown, to a diickness of one to two monolayers, over layer 54 as illustrated in HG. 
6B by way of molecular beam epitaxy (MBE), altiiough other epitaxial (arocesses may also be 
performed including chemical vapor deposition (CVD), metal organic chemical vapor deposition 
(MCKNDX migration enhanced epitaxy (MEE), atomic layer epitaxy (ALE), physical vapor 
deposition (PVD), chemical solution deposition (CSD), pulsed laser deposition (PLD), or the 

35 like. 
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Surfactant layer 61 is flien exposed to a halogen such as arsenic, for example, to form 
capping layer 63 as illustrated in HG. 6C. Surfactant layer 61 may be exposed to a number of 
materials to create capping layer 63 such as elements which include, but are not limited to, As, 
P, Sb and N. Surfactant layer 61 and coping layer 63 combine to form template layer 60. 
5 Monocrystalline semiconductor layer 66, which in this example is a compound 

semiconductor such as GaAs, is then deposited via MBE, CVD, MOCVD, MEE, ALE, PVD, 
CSD, PLD, and the like to form tihie final structure illustrated m HG. 9D. 

HGS. 7A-7D illustrate possible molecular bond structures for a specific example of 
compound semiconductor structure 50 formed in accordance with the embodiment of the 
10 invention illustrated in FIGS. 6A-6D. More specifically, HGS. 7A-7D illustrate the growth of 
GaAs (layer 66) on the strontium terminated surface of a strontium titanate monocrystalline 
oxide Oayer 54) using a surfactant containing tenq)late Gayer 60). 

The growth of a monocrystalline material layer 66 such as GaAs on an acconmiodating * 
buffer layer 54 such as a strontium titanium oxide over amorphous interface layer 58 and 
15 substrate layer 52, both of which may comprise materials previously described with reference to 
layers 28 and 22, respectively in HGS. 1 and 2, illustrates a critical thickness of about 1000 
Angstroms where the two-dimensional (2D) and dttee-dimensional (3D) growth shifts because 
of the surface energies involved. In order to maintain a trae layer by layer growth (Frank Van 
der Mere growth), the following relationship must be satisfied: 

where the surface energy of the monocxystaUme oxide layer 54 must be greater tiian the 
surface energy of the amorphous mterfece layer 58 added to the surface energy of the GaAs layer 
66. 

Since it is impracticable to satisfy this equation, a surfactant containing template was 
25 used, as described above with reference to HGS . 6B-6D, to increase the surface energy of the 
monocrystalline oxide layer 54 and also to shift the crystalline stracture of the template to a 
diamond-like ^ructure that is in compliance with tiie original GaAs layer. 

HG. 7A illustrates the molecular bond structure of a strontium terminated surface of a 
strontium titanate monocrystalline oxide layer. An aluminum surfactant layer is deposited on 
30 top of the strontium tenrtinated surface and bonds witih that surface as illustrated in HG. 7B, 
which reacts to form a c^ing layer comprising a monolayer of Al2Sr having the molecular 
bond structure illustrated in HG. 7B which forDas a diamond-like structure widi an sp^ hybrid 
terminated surface that is coiiq>Iiant with compound semiconductars such as GaAs. The 
structure is then exposed to As to form a layer of AlAs as diown in HG. 7C GaAs is tiien 
35 dq)Osited to conqplete the molecular bond structure illustrated in HG. 7D which has been 
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obtamed by 2D growth. The GaAs can be grown to any thickness for forming other 
semiconductor structures, devices, or integrated circuits. Alkaline earth metals such as those in 
Groiq) HA are those elements preferably used to form the capping surface of the monocrystalline 
oxide layer 24 because they are enable of forming a desired molecular structure with aluminum. 
5 In tills embodiment, a surfactant containing template layer aids in the formation of a 

compliant substrate for the monolithic integration of various material layers including those 
comprised of Group ni-V compounds to form high quality semiconductor structures, devices 
and integrated circuits. 

HGS. 8-10 illustrate schematically, in cross-section, die formation of a tunable structure 
10 100 in accordance with yet another embodiment of the invention. This embodiment includes a 
compliant layer tibiat functions as a transition layer that uses clathrate or Zintl type bonding. 
More specifically, structure 100 includes an intermetallic template layer to reduce the surface 
energy of the interface between material layers thereby allowing for two dimensional layer by 
layer growth. 

15 Structure 100 illustrated in HG. 8 includes a monocrystaDine substrate 102, an 

amorjdious interface layer 108 and an accommodating buffer layer 104. Amorphous 
intermediate layer 108 is grown on substrate 102 at flie interface between substrate 102 and 
accommodating buffer layer 104 as previously described witii reference to HGS. 1 and 2. 
Amorphous interface layer 108 may comprise any of those materials previously described with 

20 reference to amorphous interface layer 28 in FIGS. 1 and 2 but preferably comprises a 

monocrystalline oxide material such as a monocrystalline layer of SrzB^i-zTiOs where z ranges 
from 0 to 1. Substrate 102 is preferably silicon but may also comprise any of those materials 
previoudy described with reference to substrate 22. 

A template layer 130 is deposited over accommodadng buffer layer 104, as illustrated in 

25 HG. 9, and preferably conqmses a thin layer of Zmtl type phase material composed of metals 
and metalloids having a great deal of ionic character. As in previously desoibed embodiments, 
template layer 130 is deposited by way of MBE, CVD, MOCVD, MEE, ALE, PVD, CSD, PIJ>, 
or the like to achieve a thickness of one monolayer. Ten]plate layer 130 functions as a "sofT 
layer with non-directional bonding but high crystallinity which absorbs stress birild up between 

30 layers having lattice mismatch. Materials for tenq)late 130 may include, but are not limited to, 
materials containing Si, Ga, In, and Sb such as, for example, AlSra, (MgCaYb)Ga2, 
{Ca,Sr jai,Yb)In2, BaGe2As, and SrSn2As2 

A monocrystalline material layer 126 is epitaxially grown over template layer 130 to 
achieve the final structure illustrated in HG. 10. As a q)ecific example, an SrAl2 layer may be 

35 used as teiiq>Iate layer 130 and an appropriate monocrystalline material layer 126 such as a 
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compound semiconductor material GaAs is grown over die SrAla. The Al-Ti (firom the 
accommodating buffer layer of layer of Sr^Bai-zTiOa where z ranges from 0 to 1) bond is mosfly 
metallic while the Al-As (from the GaAs layer) bond is weaMy covalent The Sr participates in 
two distinct types of bonding with part of its electric charge going to the oxygen atoms in the 
5 lower accommodating buffer layer 104 comprising SrzBai^TiOs tx> participate in ionic bonding 
and the other part of its valence charge being donated to Al in a way that is typically carried out 
widi Zinfl phase materials. The amount of the charge transfer depends on the relative 
electronegativity of elements comprising the template layer 130 as well as on the interatomic 
distance. In this example, Al assumes an sp^ hybridization and can readily form bonds with 
10 monocrystalline material layer 126, which in this example, comprises compound semiconductor 
material GaAs. 

The compliant substrate produced by use of the ZSnfl type template layer used in this 
embodiment can absorb a large strain without a significant energy cost In the above exanq)le, 
the bond strength of the Al is adjusted by changing the volume of the SrAl2 layer thereby making 

15 die device tunable for specific plications which include die monolithic integration of III-V and 
Si devices and the monolithic integration of Mgh-k dielectric materials for CMOS technology. 

HG» 1 1 illustrates schematically, in cross section, a portion of a tunable structure 1 10 in 
accordance with an embodiment of the invention. Structure 1 10 is similar to the previously 
described structures, in that structure 110 includes a monocrystalline semiconductor substrate 

20 1 12, a monocrystalline buffer layer 124, and a monocrystalline semiconductor layer 126. In 
addition, tunable structure 110 may be formed by any one of the poreviously described 
embodwaents of HGS. 1-10. Semiconductor substrate 112 may mclude any of the previously 
described materials suitable for use in a tunable structure, such as a monocrystalline silicon 
wafer. 

25 Buffer layer 124 includes a material suitable for use in the tunable structure, and may 

include any of the previously described materials. In one particular embodiment, layer 124 
includes barium strontium titanate (BSTO), due in part, because of several favorable 
characteristics of ByrO (e.g., low dielectric loss, good high frequency characteristics, good 
dietmal stability). 

30 In one aspect of the present embodiment, BSTO layer 124 may be doped with a suitable 

material to fiirtfier improve the tunablility or phase shifting properties. For example, magnesium 
oxide (MgO) may be combined with BSTO for use in plications including, but not limited to, 
various antenna systems at both microwave and millimeter wave range firequendes. 
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In another aspect of the present embodiment, BSTO layer 124 may be doped with zinc 
oxide (ZriO) for use in applications including, but not limited to, multilayer capacitors, 
capadtor-varistors, non-volatile coiiq>uter memory and phased array antenna systems. 

It should be appreciated that layer 124, and in this particular embodiment, BSTO layer 
5 124 may be pure or doped depending iq>on the desired ^plication. Moreover, various other 
materials may be used as dopants with BSTO aside from MgO and ZnO, For exanq>le, among 
some of the otfier materials which may be combined with BSTO include, but not limited to, 
zirconia, alumina, and silicon dioxide. 

Semiconductor layer 126 includes a suitable semiconductor material for use in the 
10 tunable structure, and niay include any of the previously described materials. In one particular 
embodiment, layer 126 is suitably a layer of Group III-V compound semiconductor material such 
asGaAs. 

Structure 110 further includes one or more electrical devices schematically illustrated by 
dadied lines 131, 132 and 134. An electrical device generally indicated by the dashed line 131 

15 is formed at least partially in substrate 1 12. Electrical device 131 can be a resistor, a 

capacitor, an active semiconductor component such as a diode or a transistor or an integrated 
logic element or circuit such as a CMOS integrated circuit and formed by conventional 
semiconductor processing as is well known and widely practiced in the industry. Electrical 
device 131 may be, for example, a circuit to control the supply of dc to the tunable structure. 

20 A semiconductor device 132 is formed at least partially in compound semiconductor 

layer 126. Semiconductor device 132 can be formed by processing steps conventionally used in 
fabrication of GaAs or other suitable compound semiconductor material devices. Device 132 is 
preferably an active component, such as a device to generate an RF signal. A conductor 
schematically indicated by lines 135, 136 and 237 can be formed to electricidly couple devices 

25 131, 132 and 134 to phase diifting layer 124. Thus, a fidly integrated tunable structure is 
inoplemented diat includes at least one component formed m the monocrystalline compound 
semiconductor lay^ and components formed in die silicon substrate. 

Another electrical device generally indicated by da^ied line 134 is formed on substrate 
1 12 using conventional silicon device processing techniques. Alternatively, device 134 may be 

30 formed on semiconductor layer 126. Device 134 may mclude any suitable input/ou^ut element, 
such as an anteima or the like. 

A layer of insulating material 138 such as a layer of silicon dioxide or die like may 
overlie electrical component 131 to, for example, protect Ae underlying component from the 
environment and avoid short circuiting within the structure. It should be noted that a similar 

35 insulating material layer may overiie electrical devices 132 and 134 as well. 
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In practice, a electromagnetic wave (typically high frequency) is generated in RF element 
132 and is coupled to layer 124. Hie wave travels flnou^ layer 124 at a speed determiiied by 
the dielectric constant of die medium, e.g., BSTO or doped BSTO. The dielectric constant of 
die material may be changed or altered by an appKed dc voltage generated by a digital circuit 
131. As die dielectric constant changes, the electrical length of the material changes. Thus, as 
the wave travels dirough layer 124, the phase of die wave can be effectively changed (shifted). 
A suitable input/output component 134, such as an antenna, may be coupled to layer 124 to 
receive/transmit the phase shifted wave. 

FIG. 12 illustrates an exemplary arrangement of a i^iased array antenna system 140 
having a pluraUty of tunable structures 145 in accordance with die invention. Row and column 
driver circuits 150 and 152 control die dc voltage to die phase shift elements and steer die 
antenna radiation pattern. System 140 may be useful in a variety of applications, e.g., antenna 
tracking. 

Qearly. diose embodiments specificaUy describing structures having compound 
semiconductor portions and Group IV semiconductor portions, are meant to ilhstrate 
embodiments of die present invention and not limit die present invention. There are a 
multiplicity of otiifer conibinations and otiier embodiments of die present invention. For 
example, tiie present invention includes stractures and mediods for fabricating material layers 
which form semiconductor structures, devices and integrated circuits including odier layers such 
as metal and non-metal layers. More specifically, tiie invention includes structures and mefliods 
for forming a con5>Uant substrate which is used in die fabrication of semiconductor structures, 
devices and integrated circuits and die material layers suitable for fabricating diose structures, 
devices, and integrated drcuits. By using embodiments of die present invention, it is now 
simpler to integrate devices diat mclude monocrystalline layers comprising semiconductor and 
compound semiconductor materials as weU as odier material layers diat are used to form diose 
devices witii otiier components diat work better or are easily and/or inexpensively formed witiiin 
semiconductor or compound semiconductor materials, nris aflows a device to be dmmk, die 
manufacturing costs to decrease, and yield and relialrility to increase. 

In die foregoing specification, die invention has been described widi reference to specific 
embodiments. However, one of ordinary skill in die art appreciates diat various modifications 
and changes can be made widiout departing from die scope of die present invention as set fordi 
in die claims below. Accordingly, die specification and figures are to be regarded in an 
illustrative radier dian a restrictive s^ and all such modifications are intended to be included 
within the stx^ of present invention. 
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Benefits, other advantages, and solutions to problems have been described above with 
regard to specific embodiments. However, the benefits, advantages, solutions to problems, and 
any element(s) diat may cause any benefit, advantage, or solution to occur or become more 
pronounced are not to be construed as a critical, required, or essential features or elements of any 
5 or all the claims. As used herein, the terms "comprises," "comprising," or any other variation 
thereof, are intended to cover a non-exclusive inclusion, such that a process, method, article, or 
apparatus that comprises a list of elements does not include only fliose elements but may include 
other elements not expressly listed or inherent to such process, method, article, or q)paratus. 
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1 . A phase tunable structure comprising: 

a monocrystalline substrate; 
5 a monocrystalline layer formed on the substrate, the layer comprising a material 

having a tunable dielectric constant; 

a template formed on the layer, 

a monocrystalline semiconductor material formed overlying the template; 
an active semiconductor device formed at least partially in the monocrystalline 
10 semiconductor material and coupled to the monocrystalline layer; and 

an electrical device formed at least partially in the substrate and coupled to the 
monocrystalline layer. 

2. Ihe phase tunable stmcture of claim 1 wherein the tenqplate comprises a Zintl type phase 
15 material. 

3. The phase tunable structure of claim 2 wherein the ZSntl type phase material comprises at 
least one of SrAl2, (MgCaYb)Ga2, (Ca,Sr JEu, Yb)In2, BaGe2As, and SrSn2As2. 

20 4. The phase tunable stmcture of claim 1 wherein the layer comprises SrzBai.zTiOs where z 
ranges from 0 to 1, the template comprises SrAl2, and the monocrystalline material layer 
comprises GaAs. 

5. The phase tunable stmcture of claim 1 wherein the template comprises a surfactant 
25 material. 

6. The phase tunable structure of claim 5 wherein the surfactant con^ses at least one of 
Al, In, and Ga 

30 7. The phase tunable structure of claim 5 wherein the template further comprises a capping 
layer. 

8. The phase tunable structure of claim 7 wherein Ihe capping layer is formed by exposing 
the surfiactant material to a csp inducing material. 

35 
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9. The phase tunable structure of claim 7 wherein die cap inducing material comprises at 
least one of As, P, Sb, andN. 

10. The phase tunable stracture of claim 7 wherein.the surfactant comprises Al, the capping 
5 layer comprises AlaSr, and die monocxystalline material layer comprises GaAs. 

1 1 . The phase tunable structure of claim 1 wherein the template comprises a silicon layer. 

12. The phase tunable structure of claim 1 1 further comprising a capping layer. 

10 

13. The phase tunable structure of claim 1 further comprising an input/output device 
electrically coupled to the monocrystaDine layer. 

14. The phase tunable structure of claim 13 wherein said iiq)ut/ou^ut device comprises an 
15 antenna. 

15. Hie phase tunable structure of claim 1 wherein the layer comprises an oxide selected 
fix)m die group consisting of alkaline earth metal titanates, alkaline earth metal zirconates, 
alkaline eardi metal hafiaates, alkaline eartti metal tantalates, alkaline earth metal rathenates, and 

20 alkaline eardi metal niobates. 

16. Ihe phase tunable structure of claim 1 wherein the layer comprises a doped SrzBai-zTiOs 
where z ranges from 0 to 1. 

25 17. Ihe phase tunable structure of claim 16 wherein the layer comprises a BSTOMgO 
composite. 

18. The phase tunable structure of claim 17 wherein die monocrystalline substr^ conqxrises 
a Group IV material characterized by a first lattice constant and the monocrystalline 

30 semiconductor material is characterized by a second lattice constant different than die first 
lattice constant 

19. The phase tunable structure of claim 18 wherein d» monocrystalline oxide is 
characterized by a diinl lattice constant differmt than die second lattice constant 

35 
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20. The phase tunable structure of claim 17 wherein the monocrystalline Group IV substrate 
is characterized by a first crystsQline orientation and the monocrystalline oxide is characterized 
by a second crystalline orientation and wherein die second crystalline orientation is rotated with 
respect to die first crystalline orientation. 

5 

21. The phase tunable structure of claim 17 further comprising a second amorphous oxide 
layer formed between the Group IV substrate and the monocrystalline oxide. 

22. Hie phase tunable structure of claim 21 wherein the Group IV substrate comprises 
10 silicon and die second amorphous oxide layer comprises a silicon oxide. 

23. The phase tunable structure of claim 1 wherein the monocrystalline semiconductor 
material layer is a compound semiconductor material selected from die group consisting of: III- 
V coiBpounds, mixed IH-V compounds* II-VI compounds, and mixed II-VI compounds. 

15 

24. The phase tunable structure of claim 1 wherein die monocrystalline material layer 
comprises a material selected fix)m the group consisting of: GaAs, AlGaAs, InP, InGaAs, 
iiGaP, ZiiSe, and ZnSeS. 

20 25. The phase tunable structure of claim 1 wherein the active device comprises an RF 
component 

26. The phase tunable structure of claim 25 wherein the electrical device conqirises one of a 
resistor, a capacitor, a diode, a transistor, an integrated logic element, or a CMOS integrated 

25 dicuit. 

27. A phase-drifting structure corrqnising: 

a monocrystalline silicon substrate; 

a monocrystalline doped barium strontium titanate (BSTO) layer farmed on the 
30 substrate, die barium strontium titanate represented as BazSr^zHOa, where z ranges from 0 to 1 ; 
and 

a monocrystalline semiconductor layer formed overlying die BSTO layer. 

28. The phase-shifting structure of claim 27 wherein die BSTO layer comprises a composite 
35 of BSTO and MgO (magnesimn oxide). 
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29. Hie phase-shifting structure of claim 27 further conqnising an RF component, a DC 
circuit, and an antenna, wherein the RF component, the DC circuit, and the antenna are each 
electrically connected to ttie doped BSTO layer. 

5 30. A phase tunable structure comprising: 
a monocrystalline substrate; 

a monocrystalline oxide material fanned overlying die substrate, the oxide material 
having phase tunable characteristics; and 

a monocrystalline semiconductor material formed overlying the monocrystalline oxide 
10 material. 

31 . The phase tunable structure of claim 30 further comprising a template layer formed 
between the monocrystalline oxide material and the monocrystalline semiconductor material. 

15 32, The phase tunable stnicture of claim 30 wherein the monocrystalline oxide iiiat^ 

comprises an oxide selected from the group consisting of alkaline eartfi metal titanates, alkalme 
earth metal zirconates, alkaline earfli metal ha&ates, alkaline earth metal tantalates, alkaline 
earth metal rudienates, and alkaline earth metal niobates. 

20 33. The phase tunable structure of claim 30 wherein the monocrystalline oxide material 
comprises BaJSri-zTiOa, where z ranges from 0 to 1. 

34. The phase tunable structure of claim 30 wherein the monocrystalline semiconductor 
mat^al conqirises a material selected from ttie group conasting of: III-V compounds, II-VI 

25 compounds, mixed ni-V compounds, and mixed II-VI compounds. 

35. The phase tunable structure of claim 30 wherein die monocrystalline semiconductor 
material comprises gallium arsenide. 



30 



36, The phase tunable stracture of claun 30 further comprising at least one electrical device 
electrically connected to die monocrystalline oxide material forming an integrated tunable 
structure. 
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37. A process for fabricating a phase tunable structure comprising the steps of: 
providuig a monocrystalline semiconductor substrate comprising silicon; 
epitaxially growing a monocrystalline phase tunable oxide layer overlying the 

monocrystalline substrate; and 
5 epitaxially growing a monocrystalline semiconductor layer overlying the monocrystalliQe 

oxide layer. 

38. The process of claim 37 further comprising the step of forming a template layer on the 
monocrystalline phase tunable oxide layer. 

10 

39. The process of claim 37 wherein the step of epitaxially growing a monocrystalline phase 
tunable oxide layer conoprises the steps of: 

heating the substrate to a temperature between about 400°C and about 600*'C; and 
introducing reactants conqyrising strontium, titanium, and oxygen. 

15 

40. The process of claim 37 wherein the step of epitaxially growing a monocrystalline 
semiconductor layer comprises the step of epitaxially growing a layer of gallium arsenide. 

41 . The process of claim 38 wherein the step of forming a template layer comprises the step 
20 of epitaxially growing a surfactant layer. 

42. The process of claim 41 further compising the step of exposmg the surfactant layer to 
form a c^ing layer. 

25 43. Hie process of claim 42 wherein the step of exposing comprises exposing die surfactant 
layer to a halogen. 

44. The process of claim 42 wherein the step of exposing comprises exposing the surfactant 
layer to a halogen selected from the group consisting of As, P, Sb, and N. 

30 

45. The process of claim 38 wherein the step of forming a ten5)late layer comprises 
depositing a layer of 23ntl type phase material. 
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46. Hie process of claim 37 furdier comprismg ttie step of forming an active device in the 
monocrystalline semiconductor lay&c in electrical communication with the monocrystalline 
phase tunable oxide layer. 

5 47. The process of claim 46 further comprising the steps of: 

forming an electrical device at least partially in the monocrystalline semiconductor 
substrate; and 

electrically connecting the electrical device with the monocrystalline phase tunable 
oxide layer. 

10 
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